Glaucoma is a leading cause of irreversible visual impairment and blindness in the world. A major risk factor for glaucoma is elevated intraocular pressure due to increased resistance of aqueous humor outflow through the trabecular meshwork (TM). In the glaucomatous TM, there is increased accumulation of extracellular matrix (ECM) material due to a disruption of the normal balance between ECM deposition and degradation. Tissue transglutaminase (TGM2) belongs to a family of calcium-dependent enzymes that catalyze the posttranslational modification of the ECM by cross-linking proteins, thus making these proteins resistant to enzymatic and physical degradation. It is possible that the increase in ECM proteins in the glaucomatous TM is due to increased cross-linking activity of TGM2. The purpose of this study was to determine whether there are differences in expression and activity of TGM2 between normal and glaucoma TM cells and tissues. METHODS. Normal (n ϭ 3 NTM) and glaucomatous (n ϭ 3 GTM) human TM cell lines were grown until confluent. Western immunoblot analysis of cell lysates was used to compare TGM2 protein levels in NTM and GTM cells. TGM2 enzyme activity between NTM and GTM cells was studied by using a biotin cadaverine assay. In addition, immunohistochemistry of three normal and three glaucomatous TM tissues was used to evaluate the in vivo expression of TGM2, fibronectin (FN) and -(␥-glutamyl) lysine (GGEL) proteins.
A major cause of irreversible blindness in the world is primary open-angle glaucoma (POAG). Elevated intraocular pressure (IOP) is an important risk factor in the development of POAG 1 and the progression of glaucomatous damage. 2, 3 Elevated IOP is due to increased aqueous humor (AH) outflow resistance 4 and appears to be associated with several morphologic and biochemical changes in the trabecular meshwork (TM). In the normal human TM, a balance exists between extracellular matrix protein (ECM) deposition and degradation. However in POAG, there is increased accumulation of crosslinked ECM proteins in the TM that is believed to result in increased AH outflow resistance and elevated IOP. 5, 6 Several studies have focused on regulators of the ECM in the TM including matrix metalloproteinases (MMPs), plasminogen activators, and growth factors. Reports have indicated that MMPs assist in maintaining AH outflow and this effect can be blocked by synthetic MMP inhibitors or by activating tissue inhibitors of matrix metalloproteinases (TIMPs). [7] [8] [9] Plasminogen activators (PAs) are serine proteases involved in degrading fibrin and the ECM; however, the effects of PAs can be blocked by plasmin activator inhibitor (PAI)-1.
10,11
The transglutaminase enzyme family (EC 2.3.2.13) contains several members that are widely distributed in various tissues. Transglutaminase enzymes are encoded by a group of genes that are structurally and functionally related. 12 Family members include keratinocyte transglutaminase (TGM1), tissue transglutaminase (TGM2), epidermal transglutaminase (TGM3), prostate transglutaminase (TGM4), TGM X (TGM5), TGM Y (TGM 6), TGM Z (TGM 7), and factor XIII-A subunit (fibrin-stabilizing factor). 13, 14 Although identified at the gene level, TGM5, TGM6, and TGM7 have unknown functions. 12 Transglutaminase enzymes are known to catalyze the posttranslational modification of proteins via formation of isopeptide bonds. 15 The enzymatic reaction occurs by forming bonds between -(␥-glutamyl) lysine or (␥-glutamyl) polyamine. 16 The resultant cross-linked proteins are highly resistant to both physical and enzymatic degradation.
16
TGM2 is a unique transglutaminase family member. Within the TGM family, TGM2 is the most ubiquitous enzyme and is found in numerous tissues, including the human peripheral and central nervous system. 17 It has been reported that TGM2 expression is mostly detected in the cytoplasm of cells, 18 but it is also found in the plasma membrane 19 and the nucleus. 20 In addition, TGM2 can be secreted into the ECM. The membranebound form of TGM2 binds GTP and may function as a G protein. 19 This enzyme incorporates amines into proteins, regulates site-specific deamination and isopeptidase activity, and promotes cell-matrix interactions. 21 TGM2 is involved in apo-ptosis, 22 cell adhesion, 23 and cell matrix interactions resulting in cross-linking of ECM proteins including fibronectin. 24 TGM2 can be upregulated and/or activated in a variety of diseases associated with enhanced accumulation of cross-linked proteins in the ECM and therefore may also be involved in the pathophysiology of glaucoma.
Welge-Lüssen et al. 25 reported increased mRNA expression and protein levels of TGM2 in cultured human TM cells after exogenous treatment with either transforming growth factor (TGF) ␤-1 or TGF ␤-2. In addition to TGM2 expression, they showed that TGM2 enzymatic activity was also stimulated by TGF-␤1 and -␤2 in normal cultured TM cells. TGF-␤2 treatment of cultured optic nerve head (ONH) astrocytes also upregulated TGM2 expression. 26 Interestingly, Fuchshofer et al. 26 also demonstrated TGF-␤2 induced TGM2 expression was mediated through the action of connective tissue growth factor.
These reports are very insightful, since several studies have demonstrated that patients with glaucoma have elevated TGF-␤2 levels in both the AH [27] [28] [29] and the ONH. 30, 31 This finding has led to the concept that elevated TGF-␤2 levels may increase cross-linked proteins in the ECM of the glaucomatous TM and ONH. However, we are not aware of any studies that have compared TGM2 expression or enzyme activity in normal and glaucomatous TM cells and/or tissues. The purpose of this study was to expand our knowledge of TGM2 in the pathophysiology of POAG by examining differences in both protein expression and enzyme activity of TGM2 between normal and glaucomatous TM cells and tissues.
MATERIALS AND METHODS

TM Dissection and Cell Culture
Human TM cells were isolated from carefully dissected human TM tissue explants and characterized as previously described. [32] [33] [34] Isolated TM cells were grown in Dulbecco's modified Eagle's medium (low glucose) supplemented with 10% fetal bovine serum (FBS; both from HyClone Laboratories, Logan, UT), L-glutamine (0.292 mg/mL), penicillin (100 U/mL), streptomycin (0.1 mg/mL), and amphotericin B (4 g/mL). Antibiotics were purchased from Invitrogen-Gibco (Grand Island, NY). Medium was exchanged every 2 to 3 days and nearconfluent cultures were trypsinized and seeded in 25 
Protein Extraction and Western Blot Analysis of TGM2 Protein Levels in Normal and Glaucomatous TM Cell Lines
Total cellular protein was isolated from cultured cells using M-PER extraction buffer (78501; Pierce Biotech, Rockford, IL) and protease inhibitor cocktail (78415; Pierce Biotech) or a lysis buffer containing 10 mM Tris-HCl, 0.5% NP40, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 0.2 mM PMSF in ethanol, 1 g/mL aprotinin, 4 g/mL pepstatin, 10 g/mL leupeptin, and 1 mM sodium orthovanadate (10 L/mL). 35 Protein concentration was determined by protein assay (D c Protein Assay System; Bio-Rad, Hercules CA), as described by the manufacturer. A standard curve was generated using bovine serum albumin (BSA) and absorbance at 750 nm was read within 15 minutes.
A total of 20 g of protein was loaded per well and separated on an SDS-PAGE denaturing polyacrylamide gel and then transferred by electrophoresis to PVDF membranes. The PVDF membranes were incubated in 5% milk in Tris-buffered saline Tween (TBST; 20 mM Tris, 0.5M NaCl, and 0.05% Tween 20 [pH 7.4]) for approximately 60 minutes to block nonspecific binding. Blots were processed with a mouse anti-TGM2 monoclonal primary antibody (MS-300-P1; Neomarkers, Fremont, CA) and the secondary consisted of goat anti-mouse antibody (SC 2005; Santa Cruz Biotechnology, Santa Cruz, CA). Chemiluminescent substrate (Super Signal West Dura Extended Duration Substrate, 34075; Pierce Biotech) was used for detection and blots were exposed to an imager (Fluorchem 8900; Alpha Innotech, San Leandro, CA).
TGM2 Enzyme Activity
Cell Enzyme Activity Assay. TGM2 enzyme activity was measured using a microscopic assay as previously described. 36, 37 Briefly, TGM2 activity was assessed by exposing cells to 1 mM biotin cadaverine, a pseudosubstrate of TGM2, for 48 hours. Cells were fixed for 30 minutes in 3.7% (vol/vol) formaldehyde in PBS and permeabilized with 0.2% (vol/vol) Triton X-100 in PBS for 30 minutes at room temperature. Cells were further incubated with an AlexaFluor 488 streptavidinconjugate (1:1000, vol/vol) in PBS for 1 hour at room temperature, washed, and mounted. The cells were observed with a trinocular research microscope (model BX51; Olympus, Tokyo, Japan). TGM2 activity was seen as increased fluorescence labeling.
Western Blot Analysis. Details of the TGM2 activity assay have been published previously 38 with slight modifications. N-(5-aminopentyl)biotinamide, trifluoroacetic acid salt (biotin cadaverine, 1 mM; Invitrogen-Molecular Probes, Eugene, OR), a pseudosubstrate for TGM2, was added to TM cells in serum-free medium for 48 hours. Cell lysate and conditioned medium were collected, separated by SDS-PAGE, and transferred to PVDF membranes. TGM2-mediated incorporation of biotin cadaverine into proteins was detected by streptavidin-HRP with chemiluminescent substrate (Super Signal West Dura Extended Substrate; Pierce Biotech). After the detection of the proteins, the blots were then stripped and reprobed with anti-fibronectin (FN).
Immunolocalization of TGM2, FN, and GGEL in Normal and Glaucomatous TM Tissues
Details of the immunocytochemistry of TGM2 in TM tissues have been published. 39 To document the presence of TGM2, FN, and cross-linked GGEL isopeptide in the TM, three sets of normal and glaucomatous age-matched human eyes were used (e.g., normal donors of 72, 88, and 94 years of age; glaucomatous donors of 76, 87, and 92 years of age). Briefly, eyes were obtained from regional eye banks within 6 hours of death and fixed in 10% formalin. The eyes were obtained and managed in compliance with the Declaration of Helsinki. Tissues were dehydrated and embedded in paraffin and stored until further use. TM tissues were deparaffinized in xylene, treated with 0.02 M glycine for 15 minutes and dehydrated twice with 100%, 95%, 70%, 50% ethanol for 5 minutes each. After boiling TM sections in 10 mM citrate buffer, (pH 6.0), the TM tissues were incubated with normal serum and 3% BSA in PBS for 30 minutes. TM sections were washed and processed with primary antibodies for TGM2 (MS-300-P1, Neomarkers), FN (F-3648; Sigma-Aldrich, St. Louis, MO), and GGEL (ab424; Abcam, Cambridge MA). The primary antibodies were detected with appropriate secondary antibodies (AlexaFluor 488, 564, and/or 633; InvitrogenMolecular Probes) for 45 minutes. The colocalization of FN and GGEL protein indicates transamidation of FN by TGM2 in TM tissues. The visualization of cell nuclei was performed by staining tissue sections with DAPI (300 m) for 10 minutes. Controls consisted of omission of primary antibodies. Images were captured using a confocal imaging system (model 410; Carl Zeiss, Thornwood, NY).
Statistics
The average values for NTM and GTM are stated as means Ϯ SD. Statistical analysis was performed using Microsoft Excel software, and the data were analyzed by t-test (two-sample assuming unequal variances). All differences were considered statistically significant at P Ͻ 0.005 between NTM and GTM.
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RESULTS
TGM2 Protein Levels in Normal and Glaucomatous Trabecular Meshwork Cells
We examined TGM2 protein expression in the lysates of three normal and three glaucomatous TM cell lines. TGM2 was expressed in all six cell lines as a 77-kDa protein band on the Western blots (Fig. 1A) . The 3 GTM cell lines appeared to have increased TGM2 protein levels compared with the NTM cell lines. All Western blots were reprobed for ␤-actin (Fig. 1) , which served as a loading control. Relative TGM2 intensity levels were measured via densitometry (Fig. 1B) . These data indicate that both NTM and GTM cell lines contain TGM2 protein, and that the protein levels of TGM2 were significantly elevated (P Ͻ 0.005) in the GTM cell lines.
Immunohistochemical Localization of TGM2 Protein in Normal and Glaucomatous Human TM Tissue
We next examined the protein levels of TGM2 in three normal and three glaucomatous TM tissues from human donors. TGM2 was present in all six human TM samples. Figure 2 is a representative example of one set of age-matched eyes. In agreement with TM cell lysate Western blot data, we found that TGM2 appeared elevated in the TM of glaucomatous donor eyes (Fig. 2B ) compared with the age-matched control ( Fig.  2A) , and this increase was seen in all three sets of glaucomatous donor eyes.
TGM2 Enzyme Activity in Normal and Glaucomatous TM Cells
We next examined TGM2 enzyme activity in both normal and glaucomatous cultured TM cells. To analyze TGM2 activity, a biotin labeled cadaverine-streptavidin immunohistochemical staining assay was performed in NTM and GTM cells. The cells were labeled with biotin cadaverine for 48 hours before fixation and staining, and TGM2 enzyme activity was detected by the AlexaFluor 488 streptavidin conjugate. GTM cells contained higher TGM2 activity than did NTM cells (Fig. 3) . Control experiments included incubation of both cell types in the dimethylsulfoxide (DMSO) carrier in the absence of biotin cadaverine. TGM2 activity was also assessed by Western immunoblot analysis in three independent experiments comparing normal and glaucomatous cell lines by supplementing serum-free medium with biotin cadaverine (1 mM), a pseudosubstrate for TGM2. Samples were extracted, processed together, separated by SDS-PAGE, and, transferred to a PVDF membrane. TGM2 activity was detected with streptavidin-HRP. TGM2 activity was seen in the cell lysates (Fig. 4A ) and in the culture medium (Fig.  4B ) of both NTM and GTM cells incubated with biotin cadaverine, resulting in the appearance of 220-kDa bands on Western blots (Fig. 4) . The blots were then stripped and reprobed with an anti-FN antibody that detected an identical 220-kDa band, suggesting that the cross-linked product was FN.
Immunohistochemical Staining of FN and GGEL Isopeptide in Normal and Glaucomatous TM Tissue
To verify TGM2 activity in TM tissues, we examined the expression of fibronectin along with the cross-linked GGEL FIGURE 1. Chemiluminescent detection of TGM2 protein in normal and glaucomatous human TM cells. (A) Total protein was collected from three normal (N) and three glaucomatous (G) cell lines and electrophoresed in SDS-PAGE gels followed by Western immunoblot analysis for TGM2 (77 kDa). All cell lines express TGM2 proteins. Protein levels of TGM2 were higher in GTM than in the NTM cell lines. ␤-Actin was used as an internal loading control. (B) Densitometric readings of TGM2 normalized to ␤-actin for three NTM and three GTM cell lines. *Statistical difference at the P Ͻ 0.005 level (ϮSD).
FIGURE 2.
Immunofluorescent staining of TGM2 in normal and glaucomatous TM tissues. Six different human eyes, three NTM (72, 88, and 94 years of age) and three GTM (76, 87, and 92 years of age), were fixed, sectioned, and stained with antibodies for TGM2. The negative control experiments consisted of PBS-BSA without primary antibody, normal IgG, and mouse ascites. TGM2 expression appeared to be higher in GTM (G) than in NTM (N) tissues (A, B) ; no-primary-antibody control (C), a representative of an ascites control (D). TGM2 was localized to the cytoplasm, in agreement with previous reports. DAPI staining was used for nuclear staining. AC, anterior chamber; TM, trabecular meshwork; SC, Schlemm's Canal. Magnification, ϫ400.
isopeptide in eyes of three normal and three glaucomatous human donors. FN and GGEL protein were colocalized in both NTM and GTM tissues (Fig. 5) , suggesting the transamidation of FN by TGM2 in these tissues. In two of the three GTM tissues, fibronectin was clearly expressed at higher levels compared with NTM. Of interest, colocalization of FN and GGEL isopeptide was increased surrounding Schlemm's canal (Fig. 5) .
DISCUSSION
Elevated IOP is a primary risk factor for the development and progression of glaucoma. [1] [2] [3] Glaucomatous elevated IOP is caused by increased AH outflow resistance 4 and is closely associated with morphologic and biochemical changes in the TM. There is an increased accumulation of ECM proteins in the glaucomatous TM. 4, 40 The increased deposition of ECM proteins in the glaucomatous TM may be due to increased ECM synthesis and/or decreased degradation. ECM metabolism within the human TM is regulated by MMPs, 7,41 PAI-1, 11,42 and growth factors. 39, 40, 43 Human TM cells express numerous growth factor receptors and respond to exogenous growth factors. 32 Growth factors within the AH also appear to be involved in regulating ECM metabolism in the TM and aqueous outflow pathway.
Numerous studies have reported elevated levels of TGF-␤2 in the AH of patients with glaucoma. [27] [28] [29] Members of the TGF␤ superfamily, including TGF-␤2, regulate ECM synthesis and deposition. Welge-Lüssen et al. 25 have reported that TGM2 mRNA expression and protein levels of TGM2 are increased in TGF-␤1 or -␤2 treated cultured human TM cells. In addition to TGM2 expression, TGM2 enzymatic activity was also increased in TGF-␤-treated TM cells. TGM2 can also increase the conversion of latent TGF-␤ to its biologically active form, 44 -46 providing a potential feedback mechanism in the glaucomatous TM and leading to further TGM2 induction.
Transglutaminase enzymes catalyze the posttranslational modification of proteins via formation of isopeptide bonds. 15 The resultant cross-linked proteins are highly resistant to both physical and enzymatic degradation. 16 Of the various members of the transglutaminase family of enzymes, TGM2 has been implicated in numerous fibrotic disorders such as pulmonary fibrosis, renal fibrosis, and atherosclerosis. [47] [48] [49] [50] [51] [52] [53] [54] [55] Although TGM2 can be induced by TGF-␤1 and -␤2 in TM cells, 25 little is known about the role for TGM2 in glaucoma pathogenesis. Therefore, the purpose of this study was to determine whether there are any differences in TGM2 protein levels and activity between NTM and GTM cells and tissues.
Western immunoblot and immunohistochemical analyses showed that TGM2 is present in both NTM and GTM cells and tissues. Our results support the previous study by Welge-Lüs-sen et al. 25 who first reported the presence of TGM2 in cultured TM cells. More important, we demonstrated significantly increased protein levels of TGM2 in cultured TM cells and TM tissues obtained from patients with glaucoma. We believe that this is the first report that TGM2 is upregulated in glaucomatous TM cells and tissues.
However, the presence of TGM2 protein in cells or tissues does not necessarily mean that the enzyme is biologically active. Therefore, the enzymatic activity of TGM2 was measured by the incorporation of biotin-cadaverine, a pseudosubstrate for TGM2, into cells. We looked for the presence of GGEL bonds in the TM, since TGM2 inserts these bonds between proteins that it cross-links, such as FN. This action makes ECM proteins more resistant to proteolytic degradation. Because FN can serve as a substrate in the TGM2 catalyzed reactions, we looked at colocalization of both FN and the GGEL proteins in normal and glaucomatous cultured TM cells and tissues. Our immunohistochemical results indicated increased colocalization of FN and GGEL proteins associated with Schlemm's canal in glaucomatous human tissues. These results suggest that TGM2 may render the ECM resistant to proteolytic degradation at the site of AH outflow.
In conclusion, our results confirm the presence of TGM2 in normal cultured human TM cells. In addition we demonstrated that cultured glaucomatous TM cells and tissues from human donors have elevated levels of TGM2. We also showed that TGM2 enzymatic activity is elevated in glaucomatous cells and tissues. Last, there is colocalization of GGEL proteins with FN in the area of Schlemm's canal. This area of the human TM is known to be involved in AH outflow resistance. Proteins cross-linked by TGM2 exhibit resistance to proteolytic degradation and thus may restrict AH outflow from the TM. The normal function of the TM is dependent on a balance between ECM deposition and degradation. Increased cross-linked proteins in the TM would result in the ECM's being more resistant to enzymatic degradation and turnover. Taken together, these findings suggest that TGM2 protein and enzyme activity are elevated in the glaucomatous TM and may play a pathogenic role in increased outflow resistance and glaucomatous ocular hypertension. 
